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Abstract
A systematic study on the influence of functionality on adsorption of benzoate and phthalate at -alumina–water interface was investigated.
Kinetics of adsorption of benzoate and phthalate on -alumina surfaces were performed at constant ionic strength, I= 5× 10−4 mol dm−3 and
pH 5 at 25, 30 and 40 ◦C. Kinetics results show that the rate of adsorption of phthalate is ≈2 times more than that of benzoate on -alumina
surfaces at 25 ◦C. The adsorption of benzoate and phthalate on -alumina surfaces were carried out over a wide range of concentration
of adsorbate at fixed ionic strength, I= 5× 10−4 mol dm−3 and pH 5–10. The adsorption isotherms for both the systems were found to be
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dangmuir in nature. The maximum adsorption density of phthalate is 1.1–5.1 times more than that of benzoate on the same adsorbent under
imilar condition. This difference is attributed to the presence of adjacent COOH group in phthalate. The activation energy for both the
ystems was calculated using Arrhenius equation. The other thermodynamics parameters like Gibbs free energy, enthalpy and entropy were
lso calculated. The solubility of -alumina in presence of benzoate and phthalate was found to be depended on the pH of the medium and
he concentration of sodium chloride. The surface complexation of benzoate and phthalate on -alumina surfaces were investigated using the
ourier transform infrared (FTIR) spectroscopy. Benzoate forms outer-sphere complexes with -alumina surfaces at pH 5 and 6 depending on
he shifting of the asymmetric and symmetric bands. Whereas phthalate forms both outer- and inner-sphere surface complexes with -alumina
urfaces.
2005 Elsevier B.V. All rights reserved.
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. Introduction
The chemical reaction occurring at the metal oxide–water
nterface is of great importance in geochemistry and min-
ral processing industries. The surface hydroxyl groups of
etal oxide surfaces are amphoteric in nature, where surface
onization reaction takes place depending on the pH of the
queous medium.
Protonation:
S OH + H+→ S OH2+
∗ Corresponding author. Tel.: +91 376 2370081; fax: +91 376 2370011.
E-mail address: mahirrljt@yahoo.com (S. Mahiuddin).
Deprotonation:
S OH → S O− +H+
or S OH + OH−→ S O− +H2O
Due to surface ionization, metal oxide exhibits Lewis acid
base character [1] and behaves as an adsorbent because of its
strong interaction with an adsorbate through surface hydroxyl
group. Aluminium oxide and aluminium (oxy)hydroxide also
show both Bro¨nsted and Lewis acid base character [2,3]. -
Alumina surfaces interact with water creating a numbers of
hydroxyl surface sites with different binding energy [4,5]. It
was also reported that -alumina surfaces converted into a
mixture of bayerite and gibbsite when it contact with water
at least for 1 h [5,6].
927-7757/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
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The organic compounds with carboxyl ( COOH) group
are commonly found in nature and are important for indus-
trial and geochemical processes. Humic acid is one of the
examples found in soil and surface and ground water [7,8],
which contains condensed aromatic rings with predomi-
nantly COOH and OH groups and is effective surface-
active agent [9] for beneficiation of hematite from their
mineral mixture. Sodium humate is selectively adsorbed on
the hematite surfaces and flocculated from their mineral
mixture [10,11]. Humic substances (both humic and fulvic
acid) are supra molecular in nature and contain condensed
aromatic rings with COOH and OH groups. Pyrolysis
gas-chromatography/mass spectroscopy studies showed that
fulvic acid contains more COOH groups compared to humic
acid [12]. Recently, Plancque et al. [13] reported the molec-
ular structure of fulvic acid using electrospray ionization
mass spectrometry and suggested that aromatic rings with
COOH and OH groups are the building blocks of fulvic
acid. The low molecular weight aromatic anions like ben-
zoate, phthalate and salicylate are considered to be the model
molecules for humic substances. Therefore, depending on
the structure, functionality and the conformational factors,
the adsorption profile and the surface complexation are dif-
ferent [14,15]. Due to the complex nature of the humic acid
or its salt, model molecules with well defined structure like
benzoic, salicylic and phthalic acids and the like one with
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peak frequency of benzoate–aluminium complex in solution,
Phambu [23] concluded that the benzoate forms bidentate
bridging complex with the bayerite surfaces. Koutstaal and
Ponec [31] also compared the shifting of νas(COO−) and
νs(COO−) bands of benzoate after adsorption on the-Al2O3
surfaces with that of corresponding peak frequency of sodium
benzoate and suggested that the surface complexation was
probably due to the bridging. Phthalate forms different type of
surface complexes either outer-sphere [18,22] or both outer-
and inner-sphere [25,26] complexes with aluminium oxide,
aluminium (oxy)hydroxide and goethite depending on the pH
and ionic strength of the medium.
Further, the state of equilibrium of the adsorption of
small organic anion on metal oxide surfaces depends on
the functionality of the adsorbate molecule. Earlier, it has
been reported that the state of equilibrium for natural
hematite–benzoate system was obtained after 144 h in com-
parison to the natural hematite–salicylate system where it was
70 h [32]. Influence of the structural features on the kinetics
and adsorption of small aromatic acids on the alumina and
aluminium oxy(hydroxide) is not rich in the literature. How-
ever, Kummert and Stumm [16] have reported the adsorption
of benzoate on -alumina as a function time but the kinetics
and thermodynamics parameters have not been reported.
In continuation of our studies [27,32], the aim of the
present investigation is to compare the adsorption kinetics
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Zifferent polydispersibility and polyfunctionality are being
hosen for studying adsorption and complexation behaviour
n different metal oxides surfaces. A good amount of work
as appeared in the literature for adsorption of small organic
nions [16–27] and humate [28,29] on the aluminium oxide
nd aluminium (oxy)hydroxide surfaces.
Gu et al. [30] and Evanko and Dzombak [14,15] studied
he adsorption behaviour of small aromatic organic acids on
etal oxide surfaces and suggested possible surface complex-
tions through carboxylic and phenolic groups depending
n the functionality and polydispersibility of small aromatic
cids. The results also showed that the extent of adsorp-
ion of simple aromatic acids with different functionality on
he goethite in aqueous medium was different. For exam-
le, the amount of carboxylic acids adsorbed on the goethite
nder similar experimental conditions are in the order of
ellitic acid (benzene hexacarboxylic acid) > pyromellitic
cid (benzene-1,2,4,5-tetracarboxylic acid) > trimellitic acid
benzene-1,2,4-tricarboxylic acid) > phthalic acid (benzene-
,2-dicarboxylic acid) > benzoic acid (benzenecarboxylic
cid) [14]. Similarly, adsorption of phthalate, salicylate and
-hydroxybenzoic acids on the iron oxide surfaces showed
hat an adjacent COOH group greatly influence the adsorp-
ion density than that of OH group adjacent to COOH
roup and at para position [30].
Spectroscopic studies revealed the interaction patterns of
imple organic acids with oxide mineral surfaces and the
ossibility of different surface complexes. Based on the shift-
ng of νas(COO−) and νs(COO−) bands of benzoate after
dsorption on bayerite and comparing the correspondingt a fixed pH, adsorption isotherms at different pH values,
ffect of ionic strength on the adsorption and the nature of
he surface complexation of the benzoate and phthalate at the
-alumina–water interfaces.
. Experimental
.1. Material
-Alumina (>99.7%, Aldrich, Germany) was washed
wice with distilled water, dried and finally reactivated
t ≈700 ◦C. Sodium benzoate (>99.5%, E. Merck, India),
hthalic acid (>99.5%, E. Merck, India), sodium hydroxide
LR grade, S.D. Fine-Chem, India), sodium chloride (AR
rade, E. Merck, India) and hydrochloric acid (AR grade,
ICE Chemicals, India) were used without further purifica-
ion. Disodium phthalate was prepared from the reaction of
hthalic acid with sodium hydroxide maintaining pH 7.3.
.2. Adsorbent
Differential thermal analysis (DTA) and thermogravi-
etric analysis (TGA) (SDT 2960, TA Corporation, USA)
nd Fourier transform infrared (FTIR) (model-2000, Perkin-
lmer, USA) spectra of activated -alumina were recorded
nd the results shows that the alumina contains predomi-
ately -phase. The zeta potential of the adsorbent at dif-
erent concentrations of NaCl and pH was measured using
etasizer-3000HS (Malvern Instruments, UK). The pH of the
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suspension of adsorbent at a fixed ionic strength was initially
adjusted at ≈3.0 and the zeta potential was measured with
increase in pH of the suspension by adding dilute sodium
hydroxide with a multipurpose titrator (DTS 5900, Malvern,
UK). The zeta potential was measured at 25 ◦C and controlled
by a PCS software provided by Malvern Instruments, UK.
The specific surface area was determined by BET method
and was found to be 7.29 m2 g−1.
2.3. Adsorption kinetics
The adsorption density of benzoate and phthalate sep-
arately on -alumina (0.5 g) in a 15 mL suspension at
pH 5 and ionic strength, I= 5× 10−4 mol dm−3 NaCl in
a batch process was measured as a function of time at
different temperatures. The suspensions at different inter-
val of time were cooled and centrifuged at 12,500 rpm
for 15 min (relative centrifugal force = 28,790× g). The
residual concentration of benzoate and phthalate was esti-
mated at λmax = 224.6 and 273 nm (absorption maximum),
respectively, with a UV–visible spectrophotometer, Specord
200 (Analytik Zena, Germany). The amount of adsorbate
adsorbed per unit surface area of the adsorbent (adsorption
density) was estimated by mass balance using the following
relation:
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and at 25 ◦C was studied. For the purpose, adsorption of
benzoate and phthalate at different concentrations of NaCl
was carried out upto the respective equilibration time as fol-
lowed for adsorption isotherms. The concentration of the
sodium chloride was varied from 0 to 10 mmol dm−3. After
the equilibration time, the suspension was centrifuged and
the dissolved Al3+ in the supernatant liquid was estimated by
Atomic Absorption Spectrophotometer, Spectraa 220 (Var-
ian, Australia), using aluminium flame and N2O/acetylene
gases at lamp current 10 mA and wavelength 309.3 nm.
2.6. FTIR spectroscopy
For FTIR studies, 0.5 g of the -alumina was equilibrated
with 0.01 mol dm−3 sodium benzoate and 0.001 mol dm−3
phthalate at a desired pH maintaining ionic strength,
I= 5× 10−4 mol dm−3 NaCl following the same procedure
adopted for adsorption. The suspension was centrifuged and
the residue was washed with distilled water once, centrifuged
and dried in a vacuum desiccator over fused calcium chlo-
ride. The pellets were prepared using 2 mg of the sample in
200 mg of spectrograde KBr. The FTIR spectra were recorded
with a Perkin-Elmer FTIR spectrophotometer, model 2000
using spectrum 3.2 software. The spectral resolution was
4 cm−1. In the mid infrared region, assignment and identi-
fication of peaks after adsorption of benzoate or phthalate
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s= (C0 − Ce)V
ma
(1)
here, C0 and Ce are the initial and residual concentration
f the adsorbate in the suspension, V the volume of the sus-
ension and m and a are the mass and surface area of the
dsorbent, respectively.
.4. Adsorption isotherm
Adsorption of benzoate and phthalate on the -alumina
as carried out at 25 and 30 ◦C, respectively, in a screw-
apped glass tube. A suspension of 15 mL containing 0.5 g
-alumina and 5× 10−4 mol dm−3 NaCl solution was mixed
horoughly with the help of a vortex mixer. The pH of the
uspension was adjusted to a desired value within±0.1 units
sing either NaOH or HCl solution and then allowed to equi-
ibrate for 1 h. The required amount of sodium benzoate or
odium phthalate was added and the pH of the suspension was
eadjusted, if necessary. The suspension was then allowed to
quilibrate with intermittent mixing for 48 and 20 h (dura-
ion of equilibrium adsorption test for benzoate and phthalate,
espectively). After the equilibration, the suspension was then
entrifuged and the residual concentration of benzoate and
hthalate was estimated.
.5. Dissolution of α-alumina
The influence of background electrolyte, NaCl, on the
olubility of-alumina in the presence of benzoate and phtha-
ate at a fixed concentration of 2.0 mmol dm−3, selected pHn -alumina for symmetric and asymmetric COO− and
C of aromatic ring vibrations are very difficult due to
dsorption of water. In the present study, we subtracted the
eferences FTIR spectra (KBr and -alumina) from the spec-
ra of the adsorbed benzoate or phthalate using spectrum
oftware.
. Results and discussion
.1. Zeta potential
The zeta potential of the -alumina powder at different
onic strengths are depicted in Fig. 1. The isoelectric point
IEP) of -alumina in the present investigation is found to be
.7 without NaCl, which was lowered by 0.3 units in pres-
nce of sodium chloride up to 0.005 mol dm−3. The small
hift in IEP is due to the specific adsorption of Cl− on the -
lumina surfaces [33]. The present IEP of -alumina is≈2.5
nits lower than the reported value [34–36]. The reason for
owering the IEP of -alumina is that there is less number
f surface hydroxyl groups. Moreover, proton of the surface
ydroxyl group is not bound strongly to the oxygen due to lit-
le unsatisfied electronegativity of the surface hydroxyl group
35]. Therefore, the proton is easily removed in the lower pH
ange. The IEP of -alumina also depend on the medium of
torage [37]. The adsorption site concentration as determined
y following the procedure of Hohl and Stumm [38] is esti-
ated to be TOT (≡AlOH) = 1.815 mmol dm−3 based on the
ite density of 4.54 site nm−2, which is less than the reported
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Fig. 1. Variation of zeta potential of -alumina with pH at different con-
centrations of NaCl at 25 ◦C (initial pH of the suspension was adjusted at
≈3.0).
site density of -alumina [27] and is also responsible for the
lower IEP in the present adsorbent.
3.2. Kinetics of adsorption of benzoate and phthalate
The amount of benzoate and phthalate adsorbed per unit
surface area of -alumina at different temperatures is shown
in Figs. 2 and 3, respectively. It is apparent from Fig. 2 that
the state of equilibrium for adsorption of benzoate at the
-alumina–water interface is attained at 30 h within the tem-
perature range of study. Kummert and Stumm [16] reported
6 h to attain the equilibrium for adsorption of benzoate on -
alumina surfaces. This difference may be due to surface load-
ing and the nature of adsorbent. An equilibration time of 48 h
was chosen for adsorption study. In the case of phthalate–-
alumina system (Fig. 3), adsorption density of phthalate on
-alumina surfaces increases up to 20–25 h at 30 and 40 ◦C,
F
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V
Fig. 3. Effect of temperature on the adsorption of phthalate on -alumina
surfaces at fixed initial concentration of phthalate: C0 = 2× 10−4 mol dm−3,
-alumina = 0.5 g, I= 5× 10−4 mol dm−3 NaCl, V= 15 mL and pH = 5.0.
after that it decreases as reaction time increases. But at 25 ◦C,
state of equilibrium is attained at 10 h and beyond 37 h,
adsorption density decreases. Unlike benzoate–-alumina
system, the decrease in Γ after attaining the plateau for
phthalate–-alumina system is linked with the dissolution of
-alumina at pH 5. A similar dissolution of corundum out-
side the 5 < pH < 9 has been reported [39]. Preliminary study
shows that the dissolution of -alumina critically depends
on the pH, temperature and concentration of phthalate. The
concentration limit of phthalate at different pH beyond which
-alumina starts to dissolve is ≈1.0 mmol dm−3.
The kinetics parameter, k is the rate constant for adsorp-
tion, was estimated using the following equation [40]:
1
C(t) =
kt
C0
+ 1
C0
(2)
where, C0 and C(t) are the initial concentration and the
concentration at time t of the adsorbate. The estimated val-
ues of the k parameter for benzoate–-alumina system and
phthalate–-alumina system are given in Table 1 along with
the values of the adsorption coefficient (Ks) at different tem-
peratures, as obtained by using Langmuir equation, which is
outlined in Section 3.3. The rate of adsorption of benzoate
and phthalate on -alumina increases with the increase in
temperature. The calculated value of k parameter from the
T
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P
ig. 2. Effect of temperature on the adsorption of benzoate on -
lumina surfaces at fixed initial concentration of sodium benzoate:
0 = 2× 10−4 mol dm−3, -alumina = 0.5 g, I= 5× 10−4 mol dm−3 NaCl,
= 15 mL and pH = 5.0.able 1
alues of the adsorption coefficient (Ks) and the rate constant (k) for benzoate
nd phthalate adsorption on -alumina
emperature (◦C) Ks k (h−1)
enzoate
25 0.71 1.91× 10−3
30 0.83 2.17× 10−3
40 0.94 4.05× 10−3
hthalate
25 80.8 4.14× 10−3
30 89.9 6.95× 10−3
40 215.9 8.31× 10−3
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Fig. 4. Adsorption isotherms of benzoate onto-alumina at different pH, fixed I= 5× 10−4 mol dm−3 NaCl,-alumina = 0.5 g,V= 15 mL and at 25 ◦C. Symbols
are experimental and the solid lines are the theoretical value (Eq. (3)), respectively. The data points represent triplicate adsorption experiments.
reported data of adsorption of benzoate on -alumina [16] at
22 ◦C was 2.97× 10−3 h−1, which is ≈1.5 times more than
the present benzoate–-alumina system at 25 ◦C. This differ-
ence is due to nature of the adsorbent, particularly the less
number of surface hydroxyl group in -alumina. The rate
constant for adsorption of phthalate on -alumina surfaces,
k is ≈2 times more than that of benzoate on the same adsor-
bent. The higher value of the Ks parameter (Table 1) suggest
that the adsorption of phthalate on -alumina, in comparison
to benzoate, is more favourable, which is due to the presence
of one adjacent carboxylic group in phthalate.
3.3. Adsorption isotherm
The adsorption isotherms for benzoate–-alumina system
and phthalate–-alumina system at a fixed ionic strength,
I= 5× 10−4 mol dm−3 NaCl, different pH and 25 and 30 ◦C
are shown in Figs. 4 and 5, respectively. Adsorption
isotherms of benzoate–-alumina systems show that adsorp-
tion increases with increase in the concentration of benzoate
and ultimately a plateau is reached. The adsorption density
of benzoate decreases sharply as the pH of the suspension
increases. It is reflected in the pH range 5 and 6, which is
accounted for the decrease in the surface positive charge of
-alumina. At pH 7 and onwards (above IEP = 6.7), there is
no detectable benzoate adsorption on the-alumina surfaces,
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values, as outlined in Section 2, using higher concentration of
benzoate and phthalate (>1.0 mmol dm−3). The supernatant
liquids for phthalate–-alumina system exhibit positive test
with dilute ammonium hydroxide. Such dissolution is due
to the fact that one of the functional carboxylic groups of
phthalate is not ionized below pH 7.3 and the bonding pat-
terns between phthalate and -alumina surfaces is different,
which is responsible for dissolution.
The adsorption isotherms (Figs. 4 and 5) for both the sys-
tems are Langmuirian in nature. Therefore, the Langmuir
adsorption isotherm equation of the following form was used
to fit the experimental adsorption data:
Γ = Γmax Ce(K + Ce) (3)
F
fi
3
(
ihich is due to the surface charge reversibility.
In the case of phthalate–-alumina systems, we restricted
he initial phthalate concentration up to 1.0 mmol dm−3, since
issolution from -alumina surface occurs beyond this con-
entration. The adsorption density plots (Fig. 5) show that
he adsorption increases with the increase in phthalate con-
entration within the pH range of the study and finally a
lateau is reached. To ascertain the dissolution of -alumina,
e conducted similar adsorption experiments at different pHig. 5. Adsorption isotherms of phthalate onto -alumina at different pH,
xed I= 5× 10−4 mol dm−3 NaCl, -alumina = 0.5 g, V= 15 mL and at
0 ◦C. Symbols are experimental and the solid lines are the theoretical value
Eq. (3)), respectively. The data points represent triplicate adsorption exper-
ments.
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Table 2
Values of the parameters of Eq. (3) as function of pH for benzoate and phthalate adsorption on -alumina surfaces
Langmuir parameters pH
5 6 7 8 9 10
Benzoate
Γmax (mol m−2) 1.634 0.285
Ks 0.71 0.74
Standard deviation 0.044 0.034
Phthalate
Γmax (mol m−2) 1.849 1.458 0.780 0.438 0.320 0.229
Ks 89.93 20.32 121.5 48.40 70.87 24.97
Standard deviation 0.475 0.166 0.126 0.148 0.019 0.028
where, Ce is the equilibrium concentration of adsorbate in
mmol dm−3, K= 1/Ks, Ks the adsorption coefficient and Γ
andΓmax are the concentrations of the adsorbate inmol m−2
at equilibrium and after saturation of the -alumina surface,
respectively. The values of Γmax and Ks are presented in
Table 2 along with the standard deviations. For benzoate–-
alumina system, the Γmax value at pH 6 is ≈5 times lower
than at pH 5 (Table 2) and no adsorption of benzoate on -
alumina at pH 7 and onwards was observed. Such a change in
Γmax is expected as the positive surface site decreases as the
pH increases. Moreover, the IEP of -alumina is 6.7. There-
fore, benzoate has a less tendency to form surface complexes
on the neutral surface of-alumina (≡AlOH surf). In the case
of phthalate–-alumina system,Γmax decreases sharply with
the increase in pH up to 8, thereafter Γmax decreases gradu-
ally.
Unlike benzoate–-alumina system, the higher value of
Γmax and the variation of Γmax with pH for phthalate–-
alumina system is due to: (a) the adjacent carboxylic group
enhances the adsorption density [15] and (b) higher adsorp-
tion density beyond IEP = 6.7 in comparison to benzoate is
due to the ionization of second carboxylic group and bonding
patterns with the available ≡AlOH surface.
The adsorption density of salicylate [27] and benzoate and
phthalate (this study) on -alumina at pH 5 and 6 shows
contradictory trend of functionality. So, to investigate the
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respectively. It is apparent from Fig. 6 that the adsorption
density of benzoate decreases by ≈0.25mol m−2 as the
ionic strength increases from 0.05 to 10 mmol dm−3. But the
effect of ionic strength is not observed at pH 6. At around
Fig. 6. Variation of adsorption density of benzoate on -alumina with
ionic strength at different pH values and 25 ◦C, C0 = 2× 10−3 mol dm−3,
-alumina = 0.5 g and V= 15 mL.
Fig. 7. Variation of adsorption density of phthalate on -alumina with
ionic strength at different pH values and 30 ◦C, C0 = 2× 10−3 mol dm−3,
-alumina = 0.5 g and V= 15 mL.nfluence of the functionality, an alternative approach is to
onsider the value of Ks, which is also a key parameter for
easuring the magnitude of adsorption. So, we consider the
alue of the Ks parameter of salicylate [27] and benzoate
nd phthalate (Table 2). The Ks value follows the sequence:
enzoate < salicylate < phthalate, which clearly shows that
n additional COOH group in ortho position in phthalate
nhances the adsorption density than the OH in ortho posi-
ion in salicylate.
.4. Variation of ionic strength
The adsorption density of benzoate and phthalate on -
lumina surface at 25 and 30 ◦C with the increase in con-
entration of background electrolyte, sodium chloride, at
ifferent pH and constant initial concentration of adsor-
ate (C0 = 2× 10−3 mol dm−3) is depicted in Figs. 6 and 7,
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Fig. 8. Dissolution of -alumina in presence of benzoate and phthalate with
ionic strength at different pH values and 25 ◦C, C0 = 2× 10−3 mol dm−3,
-alumina = 0.5 g and V= 15 mL.
IEP = 6.7 and above, sodium chloride has no influence on
the adsorption of benzoate on the -alumina surfaces. Fig. 7
shows that the adsorption density of phthalate attains max-
imum at 0.8 mmol dm−3 NaCl from pH 5 to 8 and it is
decreased by 0.6mol m−2 as the ionic strength increase up
to 10 mmol dm−3. But beyond 0.8 mmol dm−3, there is no
influence of NaCl on the adsorption density from pH 6 to 8.
At pH 9, adsorption density is decreased by ≈0.2mol m−2
whereas at pH 10, adsorption density decreases with the
increase in ionic strength up to 0.8 mmol dm−3 and no adsorp-
tion is observed at higher ionic strength. It implies that the
adsorption of phthalate on-alumina surface is influenced by
ionic strength depending on the pH of the medium. Such a
variation in adsorption density is due to the decrease in posi-
tive surface potential [41] and the distribution of chloride ions
near the surface of -alumina increases resulting in decrease
in thickness of the double layer.
3.5. Dissolution of α-alumina surfaces
The concentration of Al3+ in the supernatant liquid after
treating with benzoate and phthalate at a concentration of
2× 10−3 mol dm−3 as a function of ionic strength at two pH
values is shown in Fig. 8. For benzoate at pH 5, there is no
detectable Al3+ in the solution except at 10 mmol dm−3 NaCl
and the concentration was found to be 0.21 ppm (0.0063 mg/g
of -Al2O3). The concentration of Al3+ in the supernatant
liquid at all other pH values increases with the increase
in NaCl concentration and finally a plateau was obtained
exhibiting Langmuir pattern. A similar variation of NaCl
induced dissolution of silica has also been reported [42].
Maximum dissolved Al3+ in the solution was found to be
0.8 ppm (0.024 mg/g of -Al2O3−) for benzoate at pH 8 and
2.5 ppm (0.075 mg/g of -Al2O3) and 7.6 ppm (0.228 mg/g
of -Al2O3) for phthalate at pH 5 and 10, respectively. The
dissolution of -alumina is greatly influenced by pH of the
medium and the concentration of sodium chloride. Reported
studies showed that the dissolution of the minerals (alu-
minium and iron oxides and oxy(hydroxides)) was due to
the formation of inner-sphere, bidentate, mononuclear com-
plexes by low molecular weight organic acids/anions [39,43].
In the present study, the dissolution behaviour of -alumina
in the presence of benzoate only at pH 8 and phthalate at
pH 5–10 and NaCl envisages the formation of inner-sphere
complexes and will be discussed in the subsequent section.
3.6. Thermodynamic parameters
The activation energy for adsorption, E, for both the sys-
tems was estimated using Arrhenius equation, k=Ae−E/RT,
w
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i
a
n

t
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u
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V thalate o
T J mol−1
B
Pable 3
alues of the thermodynamic parameters for adsorption of benzoate and ph
emperature (K) E (kJ mol−1) H (k
enzoate
298.15
303.15 40.3 13.5
313.15
hthalate
298.15
303.15 33.1 53.3
313.15here k is the rate constant for adsorption, A the frequency
actor, R the gas constant and T is temperature in Kelvin and
he values of other thermodynamic parameters are presented
n Table 3. The results imply that the adsorption of benzoate
nd phthalate on the -alumina surfaces is endothermic in
ature. The activation energy for adsorption of benzoate on
-alumina is ≈1.2 times more than phthalate adsorbed on
he same adsorbent. The value of the Gibbs free energy for
hthalate–-alumina system is more negative than that of
enzoate on the same adsorbent under similar condition. The
hermodynamic results imply that the adsorption of phthalate
n the -alumina is more favourable and easy over benzoate
nder similar condition due to the presence of one adjacent
arboxylic group in phthalate.
.7. FTIR spectra
The FTIR spectra of benzoate, phthalate and the
ifference spectra after their adsorption on -alumina
n -alumina surfaces at pH 5
) G (kJ mol−1) S (J mol−1 K−1)
0.843 42.5
0.463 43.1
0.171 42.7
−10.89 215.3
−11.34 213.2
−13.99 214.8
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Fig. 9. FTIR difference spectra of benzoate after adsorption on the -
alumina surfaces at two different pH values (inset: FTIR spectra of benzoate).
surfaces at pH 5, 6 and 8 are discussed in the subsequent
sections.
3.7.1. Sodium benzoate
The peaks at 1415 and 1553 cm−1 (Fig. 9, inset) are
assigned to νs( COO−) and νas( COO−) vibrations. The
peak at 1596 cm−1 is assigned for νc c (aromatic) ring. All
the characteristics bands of benzoate are given in Table 4 and
are in good agreement with the reported band assignment
[23,31,44].
3.7.2. Benzoate on α-Al2O3
The peaks for νas( COO−), νs( COO−), νC O (phenolic),
νC C (between aromatic ring and COO−) and νC C (ring)
(Table 4 and Fig. 9) are the most important bands for detection
and interpretation of surface complexation, on adsorption, of
benzoate on the -alumina surfaces. The characteristic bands
for νs( COO−) and νas( COO−) for benzoate after adsorp-
tion on -alumina surfaces are found at 1426 and 1552 cm−1
at pH 5 and 1424 and 1554 cm−1 at pH 6. The symmet-
ric ( COO−) and asymmetric ( COO−) bands resemble
with the reported band assignments [23,31,44]. The peak
at 1596 cm−1 of the ligand spectra (Fig. 9, inset) is found
at ≈1601 cm−1 (Fig. 9) for both pH is assigned to νc c (aro-
matic) ring. The band at≈1495 and≈1450 cm−1 are assigned
for ν (ring and COO−). For benzoate–-alumina sys-
t
T
C
a
M
ν
ν
ν
ν
Fig. 10. Schematic representation of surface complexation of benzoate with
-alumina at pH 5 and 6.
at pH 5 and 130 cm−1 at pH 6 (Fig. 9), which are smaller
(ν = 138 cm−1) than that of noncomplexed form (ionic,
Fig. 9, inset). The reported ν for benzoic acid–aluminium
hydroxide (bayerite) [23] and benzoic acid–-alumina [31]
systems is≈158 and 116 cm−1, respectively. The magnitude
ν has been considered for identification for complexes in
the case of a simple ligand such as acetate [45]. But this rela-
tionship of ν with types of complexes has been questioned
for carboxylate as a ligand other than acetate [46].
The relative shift of νs( COO−) and νas( COO−) band
and the full width at half maximum (fwhm) of the respec-
tive stretching frequency are considered for the identification
of the surface complexes. The shifting of the νs( COO−) to
the higher frequency region demonstrates that the benzoate
is chemisorbed on the -alumina surfaces. Nordin et al. [25]
proposed outer- and inner-sphere surface complexes consid-
ering the shifting of νs( COO−) band by≈20 and≈46 cm−1
to the high frequency region, respectively. On the other hand,
the broadening of the νs( COO−) and νas( COO−) bands
of the organic carboxylate also favours the formation of
outer-sphere surface complexes [24,39]. In the present sys-
tem, νs( COO−) band of benzoate after adsorption shifted
by only ≈10 cm−1 to higher frequency region from 1415
to 1424–1426 cm−1. A band at 3633 cm−1 represents the
surface hydroxyl group. Nevertheless, we could not detect
d 3+
0
s
b
s
3
t
ν
l
1
a
a
ν
a
a
bc c
em, ν (ν = νas− νs of COO−) is found to be 126 cm−1
able 4
haracteristic peak frequencies of benzoate and after adsorption on -
lumina surfaces
ode ν (cm−1)
Benzoate pH 5 pH 6
s ( COO−) 1415 1426 1424
as ( COO−) 1553 1552 1554
C C (ring and COO−) 1491 1495 1496
1450 1448
C C (ring) 1596 1602 1601issolved Al in the supernatant liquid at pH 5 and 6 and
.5 mmol dm−3 NaCl concentration, which favours the outer-
phere complexes [47–49]. Therefore, with the above results,
enzoate forms outer-sphere complexes with the -alumina
urfaces as shown in Fig. 10.
.7.3. Phthalate
The FTIR spectra of phthalate (disodium salt) exhibit
he peaks at 1609, 1486 and 1441 cm−1 that are due to
c c (aromatic) ring vibrations. Two equivalent carboxy-
ate groups are identified by two symmetric (νs) bands at
388 and 1418 cm−1 and two asymmetric bands at 1552
nd 1576 cm−1 [25]. The bands at 1085 and 1147 cm−1
re assigned for δ(C H). The band at ≈1704 cm−1 due to
(C O) is absent for phthalate. But a weak peak is observed
t 1290 cm−1 for νC O. All characteristic peaks for phthalate
re given in Table 5 and resemble with previously reported
and assignment [21,26,50].
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Table 5
Characteristic peak frequencies of phthalate and after adsorption on -
alumina surfaces
Mode ν (cm−1)
Phthalic acid Phthalate pH 5 pH 6 pH 8
νs ( COO−) 1388 1395 1388 1400
1418 1420 1415 1418
1422
νas ( COO−) 1552 1584 1581 1562
1576 1563 1565 1574
1553 1552
νC C (ring) 1584 1609 1611 1619 1616
1495 1486 1508 1508 1502
1404 1441 1488 1491 1488
1447 1449 1447
νC O 1688 1687 1688 1693
νC OH 1281 1290 1290 1282
3.7.4. Phthalate on α-Al2O3
The characteristics bands for νas( COO−), νs( COO−),
νC C (between aromatic ring and COO−) and νC C (ring)
vibrations of phthalate after adsorption at pH 5, 6 and 8
(Figs. 11 and 12) are presented in Table 5. The bands at
≈1611, ≈1508, ≈1488 and ≈1447 cm−1 at three pH are
assigned for ring (C C) vibration.
For assigning the structure of adsorbed phthalate on
the -alumina surfaces, first we consider the spectra of
phthalic acid and phthalate (disodium salt prepared at pH
7.3). Phthalic acid exhibits bands due to νC O at 1688 and
νC OH at 1281 cm−1, respectively, without intramolecular
hydrogen bonding [46]. In contrast to phthalic acid, phtha-
late exhibits bands due to νas and νs at around 1552–1576
and 1388–1418 cm−1, respectively, and no significant peaks
for νC O and νC OH are observed.
Fig. 12. FTIR difference spectra of phthalate after adsorption on the -
alumina surfaces at pH 8.
The band patterns due to νas( COO−) and νs( COO−)
after adsorption of phthalate on -alumina are in accordance
with the phthalate–-alumina systems [26] and are at higher
frequency region with respect to phthalate (ionic form). The
difference between νas( COO−) and νs( COO−) and the rel-
ative shifting and broadening of the asymmetric carboxylic
vibrations have been considered for the plausible surface
complexation structure of phthalate with alumina or alu-
minium oxy(hydroxide) surfaces. Nordin et al. [25] suggested
both outer- and inner-sphere surface complexes based on the
relative intensity of the doublets of νs( COO−).
In comparison to spectra of benzoate and phthalate at pH
5 and 6, weak peak at 1740 cm−1 (Fig. 12) for phthalate
at pH 8 has appeared and is assigned to νC O. The band
for νas( COO−) and νs( COO−) after adsorption of phtha-
late on -alumina appeared at 1563 and 1420 cm−1 at pH
5, 1565 and 1415 cm−1 at pH 6 and 1562 and 1418 cm−1 at
pH 8. Significant changes for νas( COO−) and νs( COO−)
rptionFig. 11. FTIR difference spectra of phthalate after adso on the -alumina surfaces at two different pH 5 and 6.
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band position for phthalate on adsorption has been observed.
The relative intensity of two asymmetric and two symmet-
ric bands are changed in comparison to ionic phthalate.
Nordin et al. [25] noted such a relative intensity change
in 1405 cm−1 over 1422 cm−1 by increasing ionic strength.
Gradual increase in intensity in 1405 cm−1 over 1422 cm−1
was due to dominance of inner-sphere complexes over the
outer-sphere complexes. As in the case of benzoate–-
alumina systems, the shifting of νs band in phthalate–-
alumina system to higher frequency region was also found
by same magnitude (≈10 cm−1). In addition to that the νas is
also quite broaden.
Up to pH 7, only one carboxylic group is fully
deprotonated. In that case, a strong stretching band at
≈1700± 50 cm−1 due to >C O should appear. Neverthe-
less, a very weak band at higher frequency region (≈1720
and ≈1740 at pH 5 and 6) has been observed. We are not
sure whether this band is due to >C O stretching or noise
and we are not considering for surface complexation. On
the other hand, the absence of a strong band for >C O in
the present system at pH 5 and 6 indicates the presence
of intramolecular hydrogen bond [46]. Further, the pres-
ence of a broad band at around 3400 cm−1 supports the
existence of the intramolecular hydrogen bonding. At pH
5 and 6, the symmetric band at ≈1420 cm−1 is relatively
stronger than ≈1390 cm−1 suggests the presence of inner-
s
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-alumina depends on the position of the COOH groups,
pH of the medium and the concentration of the background
electrolyte.
4. Conclusions
With the above results, following conclusions can be
drawn:
(1) The state of equilibrium in the case of benzoate adsorbed
on the -alumina surfaces at pH 5 in presence of
5× 10−4 mol dm−3 NaCl is attained at 30 h and almost
independent of temperature. Whereas, time required for
the state of equilibrium for phthalate–-alumina system
under similar condition is 10 h at 25 ◦C and temperature
dependent.
(2) Adsorption density of phthalate on the -alumina sur-
faces is 1.1–5.1 times more than that of benzoate
on the same adsorbent under similar experimental
condition.
(3) The maximum adsorption density,Γmax, for benzoate–-
alumina system decreases with the increase in pH and
becomes zero at pH 6.7, which corresponds to IEP of
-alumina. In the case of phthalate–-alumina system,
Γ decreases sharply up to the IEP and thereafter it
(
(
(
(phere complexes [25]. The intramolecular hydrogen bond-
ng, the presence of a broad band at 3400 cm−1 and broading
f νas and νs suggest the presence of outer-sphere com-
lexes. Again the dissolution of -Al2O3 at pH 5 and 6 is
aused by the formation of inner-sphere complexes. With the
esults, it is difficult to assign a surface complexation struc-
ure. It seems that both outer- and inner-sphere complexes
re co-exit [26]. The presence of inner-sphere complexes
olarise and weaken the surface metal–oxygen bonds causing
issolution.
In the pH range 3.7–7.3, phthalate exists as a singly
harged anion and beyond pH 7.3 behaves as a doubly
harged anion. Therefore, surface complexation of phthalate
ith -alumina below and above pH 7.3 will certainly be
ifferent.
At pH 8, both the carboxylic groups are ionized and
re available for surface complexation. In addition to
as( COO−) and νs( COO−), a weak peak at 1740 cm−1
ue to νC O is observed. The relatively intense symmetric
and at 1418 cm−1 over 1400 cm−1 suggests the presence of
nner-sphere complexes. In this situation, one of the oxygen
toms from both the carboxylate groups are participating in
he complex formation [26]. On the other hand, broadening
f the asymmetric stretching frequency also suggest the
resence of outer-sphere complexes. The dissolution of
-alumina at pH 8 (Fig. 8) is more than that of at pH
. It seems, the concentration of inner-sphere complexes
ominates over the outer-sphere complexes. With the
esults in hand, it is suggested that the adsorption and
ode of surface complexation of benzoate and phthalate onmax
decreases slowly. The results are linked with ionization of
second and adjacent COOH group, which participates
in the adsorption by forming surface complexes with the
-alumina surfaces.
4) Sodium chloride and pH induce the solubility of -
alumina in the presence of phthalate whereas sodium
chloride in presence of benzoate has no effect on the
solubility of -alumina at pH 5 and 6.
5) Activation energy for adsorption of phthalate on -
alumina is 1.2 times less than that of benzoate–-alumina
system and the negative Gibbs free energy indicate that
the adsorption of phthalate is more favourable on -
alumina than benzoate.
6) The results imply that the adsorption of phthalate on -
alumina under similar experimental condition is more
easy and favourable due to the presence of one adjacent
COOH group in phthalate.
7) Shifting of νas( COO−) and νs( COO−) for adsorbed
benzoate and phthalate at pH 5 and 6 and appearance
of a peak corresponding to >C O for phthalate at pH 8
suggest that:
(a) benzoate is chemisorbed on the -alumina surfaces
resulting in outer-sphere surface complexes;
(b) phthalate forms both outer- and inner-sphere
complexes with the -alumina surfaces. The
induced solubility of -alumina by NaCl in pres-
ence of phthalate and relative intense peak at
1418 cm−1 over 1400 cm−1 suggests that the inner-
sphere complex dominates over the outer-sphere
complex.
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